SUMMARY The impressive morphological diversification of vertebrates was achieved in part by innovation and modification of the pharyngeal skeleton. Extensive fate mapping in amniote models has revealed a primarily cranial neural crest derivation of the pharyngeal skeleton. Although comparable fate maps of amphibians produced over several decades have failed to document a neural crest derivation of ventromedial elements in these vertebrates, a recent report provides evidence of a mesodermal origin of one of these elements, basibranchial 2, in the axolotl. We used a transgenic labeling protocol and grafts of labeled cells between GFPþ and white embryos to derive a fate map that describes contributions of both cranial neural crest and mesoderm to the axolotl pharyngeal skeleton, and we conducted additional experiments that probe the mechanisms that underlie mesodermal patterning. Our fate map confirms a dual embryonic origin of the pharyngeal skeleton in urodeles, including derivation of basibranchial 2 from mesoderm closely associated with the second heart field. Additionally, heterotopic transplantation experiments reveal lineage restriction of mesodermal cells that contribute to pharyngeal cartilage. The mesoderm-derived component of the pharyngeal skeleton appears to be particularly sensitive to retinoic acid (RA): administration of exogenous RA leads to loss of the second basibranchial, but not the first. Neural crest was undoubtedly critical in the evolution of the vertebrate pharyngeal skeleton, but mesoderm may have played a central role in forming ventromedial elements, in particular. When and how many times during vertebrate phylogeny a mesodermal contribution to the pharyngeal skeleton evolved remain to be resolved.
INTRODUCTION
The pharyngeal skeleton, an autapomorphy of gnathostomes, has undergone dramatic morphological change across the vertebrate clade (Lauder 1982; Mallatt 1996) . In extant fishes and larval amphibians it supports the gills, tongue, and muscles of the pharynx, whereas in adult tetrapods it surrounds the larynx and trachea and contributes to the middle ear. Despite its morphological diversity in gnathostomes, the pharyngeal skeleton is believed to have a highly conserved embryonic origin from cranial neural crest (Creuzet et al., 2005; Knight and Schilling 2006) . Indeed, the extensive contribution of neural crest to the pharyngeal skeleton and other cranial tissues (Le Li evre and Le Douarin 1975; Tan and Morriss-Kay 1986; Langille and Hall 1987; Couly et al., 1993; Platt 1893; K€ ontges and Lumsden 1996; Mongera et al., 2013 ) is a primary feature of the "New Head" hypothesis, wherein neural crest functions in the head, similar to mesoderm in the trunk, to generate novel structures associated with a predatory lifestyle (Gans and Northcutt 1983) . Moreover, neural crest is a source of interspecific variation in craniofacial morphology, capable of carrying out autonomous developmental programs (Schneider and Helms 2003) .
Fate-mapping studies of amphibians, however, have failed to document a neural crest origin of some midline pharyngeal cartilages. In neural crest extirpation experiments in the spotted salamander, Ambystoma maculatum, basibranchial 2, a ventromedial element, formed in the absence of neural crest cells (Stone 1926; Fig. S1B) . In frogs, neural crest does not contribute to either the basihyal or basibranchial 2, two larval ventromedial cartilages (Stone 1929; Sadaghiani and Thi ebaud 1987; Olsson and Hanken 1996) . It is unknown whether the absence of a neural crest contribution to midline cartilages represents a derived trait within amphibians or instead represents a character that is more widely distributed among gnathostomes.
Much less is known regarding the long-term lineage of cranial mesoderm in comparison to cranial neural crest, although fate maps of cranial mesoderm have been produced for mouse and chicken (Noden 1988; Couly et al., 1992 Couly et al., , 1993 Evans and Noden 2006; McBratney-Owen 2008; Yoshida et al., 2008) . Mammals, however, have a highly modified pharyngeal skeleton and lack basibranchials, whereas in the chicken, the basihyal and single basibranchial are derived exclusively from neural crest (Le Li evre 1978) . This begs the question of the embryonic origin of homologous elements in species, such as salamanders, that retain an evolutionarily more ancestral condition of the pharyngeal skeleton. Such information may provide important insight into the plesiomorphic pattern of development in tetrapods, or even bony fishes. Previous mesodermal fate-mapping studies of the salamander head have described the skeletal and muscular derivatives of individual somites (Piekarski and Olsson 2007) , and a recent study reported a mesodermal origin of basibranchial 2 in the axolotl, Ambystoma mexicanum (Davidian and Malashichev 2013). Here, we examine mechanisms that mediate pharyngeal skeletal patterning in the axolotl, with particular focus on mesodermal derivatives. To fate map contributions of neural crest and cranial mesoderm to the pharyngeal skeleton, cells are grafted orthotopicaly from GFPþ transgenic donor embryos into white mutant (dd) hosts (Sobkow et al., 2006) . In addition, we evaluate the cell potency of cranial mesoderm through heterotopic transplantations. Finally, we evaluate the role of retinoic acid in regulating development of the pharyngeal skeleton during embryogenesis. We discuss our results in a broader context of the evolution of the pharyngeal skeleton.
MATERIALS AND METHODS

Ambystoma mexicanum embryos
White mutant (dd), GFPþ white mutant and albino (aa) embryos of the Mexican axolotl (Ambystoma mexicanum) were obtained from the Ambystoma Genetic Stock Center at the University of Kentucky and from our laboratory breeding colony. Before grafting, embryos were decapsulated manually by using watchmaker forceps. They were staged according to Bordzilovskaya et al. (1989) .
Grafting procedure
In all transplantation experiments, labeled cells were grafted from GFPþ white mutant donor embryos into white mutant (dd) hosts. The donor embryos ubiquitously express GFP under the control of the CAGGS promoter (Sobkow et al., 2006) . After dejellying, embryos were transferred into agar-coated dishes (2% agar in 20% Holtfreter solution) containing sterile 100% Holtfreter solution. Operations were carried out with tungsten needles on the left side of the embryo. Explants of individual cranial neural crest streams (stages 15-17) or cranial mesoderm (stages 19-23) from donor embryos were grafted unilaterally into stage-matched hosts whose comparable regions had been extirpated. Donors and hosts were of equivalent size and form. Explants were kept in place with a glass coverslip for the first several minutes to promote healing. Cranial mesoderm has no obvious morphological segments or boundaries; we differentiated graft regions based on the morphology of the overlying neural tube. There is undoubtedly a small amount of overlap between adjacent sections, whose borders are approximate. To avoid contamination with neural crest, cranial mesoderm transplants were carried out before migrating neural crest cells had reached the level of paraxial mesoderm (Piekarski 2009) .
Cranial mesoderm cells were grafted heterotopically from GFPþ white mutant donor embryos into stage-matched white mutant (dd) hosts. Transplantations were performed between stages 19 and 22. Host embryos were prepared through a cut into the overlying ectoderm with tungsten needles. Cranial mesoderm cells from regions 1 and 4 of hosts were extirpated (Fig. 2) . After removal of overlying donor ectoderm, GFPþ cranial mesoderm cells from regions 5 and 6 were transplanted into regions 1 and 4 of the host (Fig. 2) .
Immunohistochemistry
Chimeric embryos were anaesthetized in tricaine methanesulfonate (MS-222; Sigma, St. Louis, MO) and fixed in 4% paraformaldehyde in phosphate-buffered saline (PFA/PBS) overnight at 4°C. After washing in PBS, specimens were transferred to 15% sucrose for several hours, followed by 30% sucrose overnight. Specimens were soaked in a 1:1 solution of 30% sucrose and Tissue Tek OCT Embedding Compound (Electron Microscopy Sciences, Hatfield, PA) for several hours. Specimens were embedded in OCT and sectioned at 12-16 mm thickness. Sections were incubated with rabbit polyclonal anti-GFP ab290 (1:2,000; Abcam, Cambridge, MA), followed by AlexaFluor-488 goat anti-rabbit (1:500; Life Technologies, Carlsbad, CA). Sections were also stained with DAPI (0.1-1 mg/ml in PBS) to label cell nuclei. Some sections were stained with the skeletal muscle marker 12/101 monoclonal antibody (1:100; Developmental Studies Hybridoma Bank, Iowa City, IA).
Retinoic acid treatments
Stock solutions (10 mM) of all-trans retinoic acid (RA; Sigma R2625) were prepared in dimethyl sulfoxide (DMSO). White (dd) axolotls were incubated in the dark with final concentrations of 0.01-0.1 mM RA at indicated stages. Control embryos were incubated in 0.1% DMSO. Whole-mount clearing and staining followed the standard protocol by Klymkowsky and Hanken (1991) .
RNA in situ hybridization
Albino (aa) embryos were used for in situ hybridization. Antisense riboprobes were synthesized from the cloned fragment (DIG RNA labeling kit; Roche Diagnostics, Indianapolis, IN). In situ hybridization was performed as previously described (Henrique et al., 1995) , with the addition of an MAB-T wash overnight at 4°C (100 mM maleic acid, 150 mM NaCl, pH 7.5, 0.1% Tween 20). Hybridization was performed at 65°C. The cyp26b1 forward primer sequence is 5 0 -CATTCACCGCAA-CAAGAGAA-3 0 ; the reverse primer is 5 0 -TTGAGCTCTTG-CATGGTCAG-3 0 . Forward and reverse primers for islet1 are 5 0 -CACACCCAACAGCATGGTAG-3 0 and 5 0 -TGCTACAG-GAGACCCAGCTT-3 0 , respectively.
RESULTS
Embryonic derivation of the pharyngeal skeleton
To determine the contributions of both cranial mesoderm and cranial neural crest to the pharyngeal skeleton, we used transgenic axolotls that ubiquitously express GFP under the control of the CAGGS promoter (Sobkow et al., 2006) . Fatemapping individual cranial neural crest streams revealed contributions to all cartilage elements except basibranchial 2 ( We performed orthotopic transplantations of six different regions of cranial mesoderm between GFPþ and white (dd) embryos (Fig. 1L ). Cells from regions 5 and 6 contributes to basibranchial 2 (n ¼ 17; Fig. 1F and G), corroborating recent fate-mapping results in the axolotl, which show that lateral plate mesoderm gives rise to basibranchial 2 and the heart (Davidian and Malashichev 2013). Cells from regions 5 and 6 overlap with those forming ventral craniofacial muscle in most explants (n ¼ 11/17). Regions 5 and 6 likely include lateral splanchnic mesoderm (SpM), a population of cells that, in mouse and chicken, is adjacent to cranial paraxial mesoderm (CPM) and includes precursors of both head musculature and the second heart field (Nathan et al., 2008) . The boundary between CPM and SpM is defined by gene expression, including Nkx2.5, Isl1, and Fgf10 in SpM, and Cyp26c1 in CPM (Bothe and Dietrich 2006; Nathan et al., 2008) . In the chicken, the boundary between CPM and SpM mesoderm cannot be identified morphologically, as CPM is continuous and indistinguishable from SpM mesoderm (Noden and Francis-West 2006) . Similarly, hyoid and branchial arch paraxial mesoderm is continuous with lateral plate mesoderm in the axolotl. In the chicken, SpM contributes to the distal myogenic core of the first branchial arch, which forms the ventral intermandibular muscle Noden et al., 1999; Nathan et al., 2008) . Formation of the intermandibularis muscle in region 5 and 6 transplants in the axolotl is consistent with labeling of SpM that contributes to the distal cores of the branchial arches. The labeling of basibranchial 2 without labeling of cranial muscle indicates that at least a portion of basibranchial 2 progenitors is distinct from intermandibularis muscle progenitors.
Our results suggest a link between pharyngeal skeleton and second heart field development: in every specimen in which basibranchial 2 is labeled, the heart is also labeled. In most cases (n ¼ 15/17), heart labeling is present in the outflow tract, which is formed by the second heart field ( Fig. 1H ; Lee and SaintJeannet 2011) . In the mouse, cells from the second heart field form the outflow tract myocardium and contribute to the right ventricle and the venous pole of the heart (Cai et al., 2003) , and clonal analysis indicates common lineage relationships between cranial muscles and second heart field derivatives (Lescroart et al., 2010) . The second heart field also contributes to the growth of the cardiac tube (Buckingham et al., 2005) . In the chicken, neural crest contributes to the septation of the outflow tract (Kuratani and Kirby 1991) .
The LIM-homeodomain transcription factor islet1 is expressed in the second heart field in amphibians as well as amniotes (Cai et al., 2003; Brade et al., 2007) . In Xenopus, nkx2.5 is expressed in a broad domain, including both first and second heart fields, whereas islet1 is restricted to an anterior and more dorsal region in the heart field beginning at stage 28 (Brade et al., 2007; Gessert and K€ uhl 2009) . To determine the location of the second heart field in the axolotl, we examined expression of islet1 (Fig. 1I-K) . Islet1 is expressed at stage 17 in the anterior region of the embryo, which includes the heart field. At stage 28, islet1 is strongly expressed in the ventral hyoid and branchial arches in addition to the more dorsal branchial arches. Based on our fate-mapping data, ventral expression of islet1 appears to closely overlap the region expected to form both basibranchial 2 and the outflow tract.
Pharyngeal mesoderm cells give rise to both cranial muscle and cardiac progenitors (Tirosh-Finkel et al., 2006) . The axolotl mesodermal cardiocraniofacial field thus encompasses a portion of the pharyngeal skeleton in addition to the heart and branchiomeric muscles.
Heterotopic transplantation of basibranchial 2-forming cells
We performed heterotopic transplantations to evaluate the degree of lineage restriction of cranial mesoderm at early tailbud stages. Cells that contribute to basibranchial 2 (including the posterior portion of region 5 and the anterior part of region 6) were moved anteriorly into regions 1 and 4, which normally do not contribute to the pharyngeal arch skeleton but typically form mandibular arch musculature ( Fig. 2A) . Heterotopically transplanted cells form anterior musculature, including jaw adductors and the intermandibularis muscle ( Fig. 2C and E) . Muscles form in most cases (n ¼ 9/12), but transplanted cells also form basibranchial 2 as well as the heart in its normal location (Fig. 2B , D-E; n ¼ 8/12). No heterotopically transplanted cells contribute to anterior pharyngeal arch structures, such as Meckel's cartilage, which suggests cranial mesoderm cannot replace neural crest as a source of pharyngeal arch skeleton. We cannot rule out a community effect, however, wherein smaller groups of individual basibranchial 2-forming cells are more responsive to cues from the host environment, as can occur following transplantation of coherent groups of neural crest cells (Trainor and Krumlauf 2000) . Stone (1932) performed heterotopic transplantations of cranial mesoderm (with the surrounding ectoderm and endoderm) into locations in the trunk in the axolotl. These experiments resulted in the formation of ectopic gills, heart and a small rod of cartilage presumed to be basibranchial 2. Development of the ectopic basibranchial 2 was always accompanied by formation of the heart. The lack of positional restriction in the ability of cranial mesoderm to form head muscles by stage 21 in the axolotl agrees with results from comparable studies in mouse: cells transplanted across the anteroposterior axis of CPM generate structures typical of their host location (Trainor et al., 1994) .
Retinoic acid-treated embryos lack basibranchial 2
Proper levels of retinoic acid (RA), a derivative of vitamin A, are required for multiple aspects of craniofacial development (Lohnes et al., 1994; Niederreither and Dolle 2008) . To test the role of RA in patterning the axolotl pharyngeal skeleton, we treated embryos with all-trans RA. In zebrafish, excess RA inhibits formation of the posterior basibranchials (Laue et al., 2008) . Strikingly, treatment of white (dd) axolotl embryos with 0.05 mM RA results in the absence of basibranchial 2 but not basibranchial 1 (n ¼ 31/33; Fig. 3B ). Furthermore, all six arches are present with normal anteroposterior patterning (Fig. 3B) . Basibranchial 1 remains intact at higher doses (n ¼ 6/6; Fig. 3C ), whereas even at the lowest dose, 0.01 mM, basibranchial 2, while still present, is less robust than in controls (n ¼ 9/9; Fig. S2 ). This implies that RA restricts basibranchial 2 progenitors. In zebrafish, RA does not have a posteriorizing influence in the location of myocardial progenitors, but instead controls progenitor density (Keegan et al., 2005) . Xenopus embryos exposed to increased RA before cardiac differentiation have reduced levels of Nkx2.5 (Jiang et al., 1999) . At the low concentrations used in our RA experiments, RA does not appear to have a posteriorizing effect on the pharyngeal skeleton, but instead it has a potent repressive function in the mesodermderived component of the axolotl pharyngeal skeleton.
The Cyp26 cytochrome P450 enzymes degrade RA, acting to control RA levels in cells and tissues (reviewed by Blomhoff and Blomhoff 2006) . We examined the expression of both cyp26b1 and cyp26c1. Although no significant expression of cyp26c1 is found in the midline where basibranchial 2 forms (data not shown), cyp26b1 is expressed in the ventral midline of larvae ( Fig. 3D and E) . This is consistent with the presence of an RA gradient in the head, with concentration increasing from medial to lateral positions (Laue et al., 2008) .
DISCUSSION Neural crest-mesoderm boundary in the pharyngeal skeleton
The embryonic derivation of the cranium has significant implications regarding vertebrate origins and relationships (including assessments of skull bone homologies), the flexibility of developmental programs, and the diagnosis and treatment of craniofacial anomalies (Darwin 1859; Kuratani 1997; Kuratani et al., 1997; Schneider 1999; Trainor and Krumlauf 2000; Kimmel et al., 2001; Matsuoka et al., 2005; Cerny et al., 2006) . The dual embryonic origin of the skull from both neural crest and mesoderm has been well documented in two widely used amniote models: chicken and mouse. The corresponding pharyngeal skeletons, however, are derived largely from neural crest, and this pattern has generally been extrapolated to all vertebrates. Yet, the pharyngeal skeleton has changed dramatically in the course of vertebrate evolution in relation to feeding, respiration, vocalization and hearing, and amniotes account for only a small portion of that diversity. Fate mapping in multiple lineages is needed to determine the degree to which the neural crest-mesoderm boundary is evolutionarily conservative or labile (Piekarski et al., 2014) . Whereas fate mapping and genetic analysis of neural crest has yielded insight into the degree of conservation of embryonic origin and the neural crest-mesoderm boundary in anamniotes (Olsson and Hanken 1996; Horigome et al., 1999; Epperlein et al., 2000; Olsson et al., 2001; Falck et al., 2002; BronnerFraser 2003, 2006; Ota et al., 2007; Ericsson et al., 2008; Schmidt et al., 2011; Kague et al., 2012; Mongera et al., 2013) , fate mapping of cranial mesoderm has received far less attention (Schilling and Kimmel 1994; Kuratani et al., 2004; Davidian and Malashichev 2013) . Cranial mesoderm fate maps are particularly important for structures of dual origin, such as the otic capsule and stapes (Noden 1982; Thompson et al., 2012) .
The dual embryonic origin of the pharyngeal skeleton in the axolotl provides an additional morphological frontier to study the boundary between neural crest and mesoderm. If the pharyngeal skeleton is defined to include laryngeal cartilages, then the boundary appears to vary even among amniotes. In the chicken, cricoid, and arytenoid cartilages are derived from lateral mesoderm at the level of the otic placode and first somite, as inferred from quail-chick chimaeras (Noden 1986 (Noden , 1988 ) and more recently from retroviral labeling (Evans and Noden 2006) . In contrast, genetic fate-mapping in the mouse indicates a neural crest origin of cricoid, arytenoid, and thyroid cartilages (Matsuoka et al., 2005) , although aspects of these findings are controversial (S anchez-Villagra and Maier 2006). Notwithstanding these interspecific differences in its exact location, the neural crest-mesoderm boundary in the pharyngeal skeleton of amniotes is typically placed in the laryngeal cartilages. Our fate mapping in the axolotl, however, shifts the boundary anteriorly to include basibranchial 2, a prominent element in many fishes and amphibians that is absent or significantly transformed in the reduced pharyngeal skeleton of amniotes.
Our heterotopic transplantations suggest that mesoderm that forms basibranchial 2 and the heart is specified earlier in development than mesoderm that forms skeletal muscle. The neural crest-mesoderm boundary remains stable when cartilageforming mesoderm cells are moved into the mandibular arch; basibranchial 2-forming cells appear unable to form neural-crest derived cartilages following such experimental treatment. And while chondrogenic progenitors maintain their "normal" fate at late-neurula stages, skeletal muscle progenitors demonstrate equivalent potential along the anteroposterior axis. The earlier specification of basibranchial 2 progenitors in the heart field and negative regulation by retinoic acid (RA) offers a potential explanation for the curious absence of neural crest cells from the ventromedial pharyngeal skeleton. Future studies, including clonal analysis, are needed to determine the precise relationship between the second heart field, including the outflow tract, and the formation of basibranchial 2.
Evolution of basibranchial 2 and the urohyal
Our fate-mapping results confirm the recent report of a mesodermal derivation of basibranchial 2 in the axolotl (Davidian and Malashichev 2013) . We further show that cranial mesoderm that forms this cartilage cannot substitute for neural crest in forming other cartilages of the pharyngeal skeleton, and that basibranchial 2 differs from the rest of the pharyngeal skeleton in its response to exogenous RA. These distinctive features of basibranchial 2 are consistent with the hypothesis that this element both develops and evolved independently from the remainder of the pharyngeal skeleton. Jarvik (1963) proposed that basibranchial 2 is not derived from neural crest, but instead forms as a developmental unit with the somitederived tongue musculature. If this hypothesis is true, then the mesodermal origin of basibranchial 2 and its differential sensitivity to RA may be linked to the somitic signaling environment provided by the surrounding tongue musculature.
According to Jarvik, basibranchial 2 in urodeles is the homolog of the urohyal of piscine sarcopterygians, including the basal taxon Eusthenopteron. The urohyal is an unpaired median skeletal element in bony fishes that lies caudal to the basibranchial (Fig. 4) . Like basibranchial 2, the urohyal in sarcopterygians forms first as cartilage, which then ossifies endochondrally (Arratia and Schultze 1990) . A bony urohyal is also present in teleosts, although it typically forms by intramembranous ossification. In bichirs (Polypterus spp.), which are neither teleosts nor sarcopterygians, the urohyal appears to ossify as three distinct ventral tendon bones, although relatively little is known regarding pharyngeal ossification in this evolutionarily conservative sister taxon to all other actinopterygians (Arratia and Schultze 1990) . Recent fatemapping studies demonstrate a neural-crest contribution to the entire pharyngeal skeleton in the zebrafish, including the urohyal (Kague et al., 2012) . This result is consistent with the claim that the teleost urohyal, which forms as an ossification of the sternohyoideus tendon, is not homologous to the urohyal of piscine sarcopterygians (Arratia and Schultze 1990) . If the zebrafish urohyal is homologous to basibranchial 2 of the axolotl, then developmental system drift (True and Haag 2001) may offer an explanation for the differing germ-layer origin and mode of ossification between these two elements. Given this complex phylogenetic distribution of alternate developmental trajectories and unresolved homologies, we can propose at least three possible scenarios for the evolution of the mesodermal derivation of basibranchial 2 and, possibly, the urohyal (Fig. 4) . First, it evolved in basal osteichthyans but later was lost independently in at least some teleosts and amniotes (hypothesis 1). Alternatively, it originated coincident with evolution of endochondral ossification of the urohyal of sarcopterygians and later was lost in at least some amniotes (hypothesis 2). Finally, mesodermal derivation of basibranchial 2 may simply be a synapomorphy unique to urodeles, and possibly other amphibians (hypothesis 3). Parallel, independent evolution of this feature also remains a possibility, if it is present, for example, in piscine sarcopterygians.
Homology of basibranchial 2 and the urohyal, at least across sarcopterygians, is further supported by their strikingly similar morphology. Both basibranchial 2 of the axolotl and the urohyal of the coelacanth are elongate bones that articulate anteriorly with basibranchial 1 and expand caudally to terminate in a bifid tip. Each element also serves as an attachment site for ventral branchial musculature, although the muscle origins and insertions may vary, especially among salamanders (Kleinteich and Haas 2011) . For example, the sternohyoideus muscle inserts on the dorsal surface of the urohyal in the coelacanth (Millot and Anthony 1958) and on the dorsal side of basibranchial 2 in the axolotl (Piekarski and Olsson 2007) . In the absence of lineagetracing data from piscine sarcopterygians, hypotheses 2 and 3 are equally parsimonious. Nevertheless, we favor hypothesis 2, primarily because it associates two developmental innovations at the origin of sarcopterygians: mesodermal origin of median elements of the pharyngeal skeleton, and endochondral ossification of the urohyal/basibranchial 2. If this hypothesis is correct, then these features represent the ancestral condition for lobe-finned fishes. A specific prediction that follows is the mesodermal derivation of the urohyal in piscine sarcopterygians. If the urohyal of teleosts is not homologous to the urohyal of sarcopterygians (Arratia and Schultz 1990) , then such a distinctive mode of development of the urohyal of sarcopterygians and the basibranchial 2 of urodeles would not require an evolutionary change in the embryonic derivation of homologous elements. Rather, the urohyal preformed in cartilage would represent a neomorphic element unique to sarcopterygians that evolved by incorporating cranial mesoderm closely associated with the heart field.
Neural crest has played a critical role in vertebrate craniofacial development and evolution (Northcutt 2005; Abitua et al., 2012) . According to the "New Head" hypothesis, the origin of the head during the transition of vertebrates to active predation from a more passive protochordate ancestor involved morphological innovations derived from the neural crest and epidermal placodes, as well as muscularization of lateral plate mesoderm (Gans and Northcutt 1983) . Neural crest derivation of the pharyngeal skeleton in general has been known for well over a century (Platt 1893) . Basibranchial 2 of the axolotl, however, is a surprising example of a functional component of the pharyngeal feeding apparatus that originates instead from cranial mesoderm. In aquatic feeding salamanders, basibranchial 2 is the attachment site of muscles that pull the center of the hyobranchial apparatus forward and open the mouth (Deban and Wake 2000) . It is an interesting exception to the more typical association of neural crest with skeletal structures involved in feeding. Tracing its origin and phylogenetic diversity sheds light on whether basibranchial 2 was always linked to the neural crest-derived pharyngeal skeleton, or, if it was not, on how this element came to be integrated with the pharyngeal skeleton following its initial evolution. Fig. 4 . Evolution of pharyngeal skeleton origins. Simplified osteichthyan phylogeny depicting cranial neural crest and cranial mesoderm contributions to the hyoid and branchial arches. The mesodermal contributions to coelacanth (modified from Forey, 1998) , toad and bichir (modified from Arratia and Schultze, 1990) are hypothesized (question marks). Red circles represent gain of mesodermal contribution to the pharyngeal skeleton in three alternate hypotheses. Blue bars indicate loss of mesodermal contribution according to hypothesis 1 or 2. The urohyal in teleosts and bichirs, which forms by intramembranous ossification within tendon ("Tendon bone ur"), may not be homologous to the urohyal in sarcopterygians, which ossifies endochondrally within cartilage ("Endochondral ur/bb2"). In hypothesis 1, derivation of bb2/ur from cranial mesoderm is an osteichthyan synapomorphy, which later was lost independently in teleosts (e.g., zebrafish) and amniotes (chicken). In hypothesis 2, mesodermal contribution to the pharyngeal skeleton is a sarcopterygian synapomorphy, which later was lost in amniotes. In hypothesis 3, mesodermal contribution to the pharyngeal skeleton is an amphibian synapomorphy.
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